Abstract Interactions between invasive species can have important consequences for the speed and impact of biological invasions. Containers occupied by the invasive mosquito, Aedes albopictus Skuse, may be sensitive to invasive plants whose leaves fall into this larval habitat. To examine the potential for interactions between invasive leaf species and larval A. albopictus, we conducted a field survey of leaf material found with A. albopictus in containers in Palm Beach County, Florida and measured density dependent responses of A. albopictus larvae to two invasive and one native leaf species in laboratory experiments. We found increased diversity of leaf species, particularly invasive species, in areas further from the urbanized coast, and a significant positive association between the presence of Schinus terebinthifolious (Brazilian pepper) and the abundance of A. albopictus. In laboratory experiments, we determined that larval growth and survivorship were significantly affected by both larval density and leaf species which, in turn, resulted in higher population performance on the most abundant invasive species (Brazilian pepper) relative to the most abundant native species, Quercus virginiana (live oak). These results suggest invasive leaf species can alleviate density dependent reductions in population performance in A. albopictus, and may contribute to its invasion success and potential to spread infectious disease.
Introduction
Invasive species can impact resident species, ecosystems, and even human health, often negatively (Juliano and Lounibos 2005; Lounibos 2002; Pimentel 2002; Sax et al. 2005) . As co-existence of multiple invasive species becomes more common, their interactions, as opposed to interactions between invasive and resident species, will take on greater importance. Reinforcement effects of invasive species on each other suggest the potential for an ''invasional meltdown,'' in which the process of invasion is accelerated by positive interactions between invasive species (Simberloff 2006; Simberloff and von Holle 1999) .
Plants are the fundamental source of energy in most terrestrial ecosystems. As such, invasive plants have the potential to make drastic changes in the functioning of ecosystems (Sax et al. 2005; Vitousek 1990 ). Small bodies of water isolated from large light inputs, such as streams, treeholes, and other natural and artificial container habitats are aquatic ecosystems especially sensitive to changes in plant species composition. The identity of native plant parts that fall into aquatic container habitats have significant effects on the invertebrate community, and on the productivity of an important taxon utilizing these habitats, mosquitoes (Diptera: Culicidae) (Barrera et al. 2006; Yanoviak 1999) , but invasive plant species have not been examined in container habitats. Invasive plant species do affect invertebrates in other aquatic systems (Brown et al. 2006; Going and Dudley 2008; Maerz et al. 2005) . The rapid spread and numerical dominance of invasive plants suggests they could have a large impact on container habitats.
Aedes albopictus Skuse is an invasive, containerinhabiting mosquito which relies on autochthonous plant material as a resource base for larval development. Leaf species can determine growth and survival of A. albopictus larvae (Dieng et al. 2002; Murrell and Juliano 2008; Sota 1993) . For example, examined the effects of native leaf species common in intact coastal hammocks in South Florida on A. albopictus larval growth and survival. With the exception of live oak, an abundant and widespread native tree, the four species of native leaves examined in that study are probably not common in artificial container habitats as they are generally restricted to intact coastal hammocks, an increasingly rare habitat in Florida (Myers and Ewel 1990) . On the other hand, invasive plant species are very common in human-dominated southern Florida landscapes and may be an important input into container habitats (Ferriter et al. 2008) .
Two common invasive plants in southern Florida are Brazilian pepper (Anacardiaceae: Schinus terebinthifolious Raddi) and Australian pine (Casuarinaceae: Casuarina equisetifolia L.) (Ferriter et al. 2008) . These species spread rapidly, displace native plant species, alter plant-animal interactions, and may affect whole ecosystem properties (Donnelly et al. 2008; Ferriter et al. 2008) . Both plant species have qualities that make them successful invaders and may be important in provisioning container habitats. Australian pine produces copious leaf litter, and Brazilian pepper produces abundant fruits and its leaf litter may have alleleopathic properties (Donnelly et al. 2008; Ferriter et al. 2008; Morton 1978 Morton , 1980 . Invasive plants may have important implications for mosquito populations and disease transmission by influencing the distribution of A. albopictus. Aedes albopictus is the most broadly distributed invasive mosquito (Benedict et al. 2007) , and a vector of dengue virus, chikungunya virus, and West Nile virus (Cupp et al. 2007; Effler et al. 2005; Gratz 2004; Hawley 1988) . A recent outbreak of chikungunya virus in Italy, attributable to invasion by A. albopictus, demonstrates the importance of this mosquito in increasing the risk of disease emergence (Bonilauri et al. 2008) . Areas invaded by A. albopictus are at greater risk for disease, both by the presence of A. albopictus and by interactions of A. albopictus with native mosquitoes (Bevins 2008a, b) . Therefore, if invasive plant species affect the spread of A. albopictus, plant invasions may alter the potential for pathogen transmission.
Invasive leaf species may also affect pathogen transmission by altering the survival and growth of larval A. albopictus. Previous studies have suggested that larval environment can impact the susceptibility of adult mosquitoes to infection with dengue fever virus, with larger mosquitoes more resistant to infection and dissemination of virus into peripheral tissues, a precursor to transmission (Alto et al. 2008) . Furthermore, larval competition, which can be a function of resource quality, can impact adult longevity, an important determinant of disease transmission (Hawley 1985; ). Therefore, resources that alleviate density dependent reductions in growth or survival of mosquito larvae may have an effect on disease transmission by changing the susceptibility of mosquitoes to infection, increasing the longevity of adult mosquitoes, or supporting larger populations of adult mosquitoes.
To examine the importance of invasive leaves for A. albopictus, we conducted a month-long survey of leaf material in artificial containers along an urbanrural gradient in Palm Beach County, FL as part of a longer-term survey of container inhabitating mosquitoes. From these survey data, we compared the distribution of three plant species (Australian pine [Casuarina equisetifolia L.] Brazilian pepper [Schinus terebinthifolius Raddi], and live oak [Fagaceae: Quercus virginiana Mill.]) to the abundance of A. albopictus. Then, we tested the hypothesis that A. albopictus larvae benefit from the presence of common invasive species (Australian pine and Brazilian pepper) compared to a common, native leaf species (live oak). Based upon our hypothesis, we predicted that there will be higher growth and survival in microcosms containing invasive leaf species in a laboratory experiment over three larval densities.
Materials and methods

Leaf and mosquito survey
We examined 90 containers in 30 sites (three per site) for the abundance and diversity of container dwelling mosquitoes from June 2006 to July 2008 and for the presence of vegetative parts over 4 weeks during March, 2008 in urban to rural transects in Palm Beach County, FL. Containers were black, plastic cups (9.2 cm diam 9 11.11 cm height, total volume 473 ml; Bagwell Promotions, Richardson, TX). At each site, containers were attached to existing plant or man-made (e.g., fences) structures between 0.12 and 1 m (avg. = 0.45 m) above the ground, and at least three meters apart (avg. = 5.7 m). Sites were arranged in six transects with sampling sites at five distances from the coastal/urban fringe to the rural/suburban interior (0, 1, 3, 8, and 15 km from the Intracoastal Waterway). Sites at 0 km from the coast were as close to the Florida Intracoastal Waterway as possible (between 1 and 100 m). We sampled container breeding mosquitoes every 4 weeks, with a 2-week period of sampling and 2 weeks between sampling periods over the same transects described above. At the beginning of each sampling period, any water accumulated in any containers was collected with all material in the habitat. At the same time, cups were baited with 200 ml of 3-day-old oak leaf infusion (5 g/l) and a strip (7 cm 9 15 cm) of seed germination paper was placed in each cup for oviposition (Seedburo, Des Plaines, IL). After a week in the field, egg papers and the aquatic fraction (water remaining from the 200 ml of bait water plus any rainfall accumulated) were collected. The cup was again baited with 200 ml of 3-day-old oak leaf infusion (5 g/l) and a strip (7 cm 9 15 cm) of seed germination paper, and collected after a week in the field. All eggs were hatched and larvae were reared to fourth instar or pupae for identification. All larvae and pupae were identified to species and counted. Unhatched eggs were counted, but were not identifiable and were removed from the final mosquito counts.
We recorded the presence/absence of each plant species (or the lowest taxonomic classification possible) and type of vegetative part (leaf, fruit, or flower) from each container in each site over a 4-week sampling period in March, 2008. If any identifiable plant material in any of the three containers in a site was present, the site was considered positive for that plant. Status (native, non-native and non-invasive, or invasive) was determined by reference to the Florida Exotic Pest Plant Council list of invasive plants (Anonymous 2008) and flora of Florida (Wunderlin 1998) . Some plant parts could only be identified to a higher taxonomic level than species (e.g., Graminaceae), which may contain native and non-native species. These groups are noted in the results.
Experimental leaves
To examine the effects of two common invasive plants and one native, we collected leaf material during the summer of 2008 by species-specific methods. Australian pine leaves were collected by placing tarps (1.7 m 9 2.5 m) under stands of Australian pine every other day. We removed any nonAustralian pine leaves. We collected Brazilian pepper by hand, only taking senesced leaves that were ready to fall or recently fallen leaves. We collected live oak leaves by hand under large live oaks during the same collection period. We air dried the collected leaf material in a low humidity environment for 3 weeks prior to use. Air drying (as opposed to oven drying) avoids potential alteration of the chemical structure of the leaves due to intense oven heat.
Mosquitoes
All mosquitoes used in this study were F 1 larvae derived from A. albopictus collected as immatures during May-July 2008 from transects in Palm Beach County, FL. We allowed eggs to hatch in tap water for 24 h before use.
Microcosm experiments
All microcosms had 1 g of leaf material and 250 ml of tap water in 500 ml plastic food grade containers Invasive mosquitoes and plants 2321 (Instawares Inc., Wilmington, DE) . There were five replicates of each combination, for a total of 45 replicates. We added the appropriate number of first-instar larvae to microcosms within 2 h of adding water to the leaf material. We kept microcosms covered at 288 C with a 14:10 light:dark cycle in a single incubator (Percival Co., Perry, IA). We checked microcosms for pupation daily. We recorded pupation and placed all pupae from the same microcosm pupating on the same day into 50 ml conical tubes with a small amount of water. We checked tubes for emergence daily. Upon emergence, the remaining water was decanted, and we allowed emerged adults to live for 48 h before killing them by placement into a drying oven at 45°C for at least 24 h. We then sexed and weighed each adult using a micro-balance (Sartorius Micro M3P, Sartorious Balances, Data Weighing Systems, Elk Grove, IL). After weighing, we measured the left wing of each mosquito using imaging software (iSolution lite, IMT Technologies, Vancouver, BC, Canada) and a dissecting microscope.
Statistical analysis: leaf survey
We examined leaf survey data for relationships between distance from coast and species diversity. For this analysis, any plant part (fruit, flower, and leaf) was interpreted as presence of that species in that site to avoid overestimating species richness by counting leaf, fruit and flower as separate species occurrences. As we could not reject the null hypothesis of normality for these data, we used Pearson's correlation coefficient (r) to examine correlations between distance from the coast and species richness (PROC CORR, SAS 9.1, SAS Inc., Cary, NC). We then broke species richness into three categories: native species, non-native and non-invasive species, and invasive species, as described previously. We repeated the correlation analysis for each category. Because these data sets were non-normal, we used Spearman rank correlation instead of Pearson correlation as a conservative method to assess significant correlations between distance from the coast and species richness (PROC CORR, SAS 9.1). We then compared the logtransformed total abundance of mosquitoes collected from July 2006 to July 2008 in sites with or without live oak, Brazilian pepper, and Australian pine by t-test (PROC TTEST, SAS 9.1).
Statistical analysis: leaf type and larval density
In the interest of brevity, only data from female mosquitoes are reported in this study. We measured growth rate (time to emergence) and total growth (dry weight) for each female mosquito in each replicate. As the replicate is the independent experimental unit, we calculated a mean female weight and time to emergence for each replicate to compare treatment effects. We also determined percent female survivorship for each replicate, assuming a 50:50 sex ratio, as is necessary for the calculation of population growth rate. We used weight as our measure of growth instead of wing length as a more inclusive measurement of total growth. As there were multiple outcomes for each replicate (weight, days to emergence and percent survival), we used multivariate analysis of variance (MANOVA) to analyze these data (Scheiner 2001) (PROC GLM, SAS 9.1). In addition to examining these outcomes, a synthetic measurement of population performance, the finite rate of population increase, k 0 , was also calculated. We used the method for calculating k 0 presented in Braks et al. (2004) , including the same regression equations for relating wing length to fecundity . As k 0 could not be transformed to achieve normality, and we were interested in examining interactions between leaf species and density, we performed randomization ANOVA (RT 2.1, Manly 1991) to detect differences between leaf types, densities, and the interaction between leaf type and density. Post hoc, pair wise comparisons of leaf species were performed with randomization ANOVA controlling for density, with an adjusted alpha (a = 0.0167).
Results
Leaf survey
Leaf diversity was positively correlated with distance from the coast, with higher plant diversity further inland (Fig. 1) . Subsequent examination of species invasive status demonstrated that this pattern was driven by increases in invasive species richness further inland (native species: Spearman's rho = 0.2565, df = 29, P = 0.1743; non-native, non-invasive species: Spearman's rho = -0.1066, df = 29, P = 0.5749; invasive species: Spearman's rho = 0.5922, df = 29, P = 0.0006). The most common leaf type was ''unidentifiable'' (Fig. 2) , demonstrating the difficulty in identifying partially rotted vegetative material of varying degrees of intactness. The three leaf species used in laboratory experiments were relatively common, being the third, sixth, and ninth most common plant species/type encountered of the 50 species/types of vegetative plant material found (Fig. 2) . Sites with Brazilian pepper had more A. albopictus than sites without this plant (t = -3.36, df = 28, P = 0.0023), while there were no differences in number of A. albopictus in sites with live oak versus without live oak (t = -0.53, df = 28, P = 0.6014) nor with or without Australian pine (t = -1.72, df = 28, P = 0.0972).
Microcosm experiments
Outcomes varied significantly as a function of leaf species (Pillai's trace = 0.809, F 6,48 = 5.44, P = 0.0002) and larval density (Pillai's trace = 0.873, F 6,48 = 6.20, P \ 0.0001), with no significant interaction term (Pillai's trace = 0.456, F 9,75 = 1.50, P = 0.1653).
Only the first canonical coefficient was significant for the effect of leaf species (% explained variation = 84.51, F 6,46 = 5.17, P \ 0.0005). An examination of the standardized canonical coefficients for leaf species in the first canonical shows all three larval outcomes varying in the same direction. This means that Brazilian pepper replicates had higher percent of larvae surviving to adulthood, those that survived were larger and took longer to develop than mosquitoes from Australian pine or live oak replicates ( Fig. 3a-c ; Table 1 ). Only the first canonical was significant for density effects on larval outcomes for females ( Fig. 3a-c , differently shaded bars, % explained variation = 98.82, F 6,46 = 11.08, P \0.0001). Standardized canonical coefficients have weight and survival varying in the same direction, while development time varies in the opposite direction, such that low density replicates produced more mosquitoes, which grew larger and developed faster (Table 1) . Estimated population performance (k 0 ) was affected by density, leaf species, and the interaction between these factors ( Fig. 3d; Table 2 ). Post hoc comparisons demonstrated that, overall, Brazilian pepper microcosms had significantly higher k 0 than live oak or Australian pine microcosms when controlling for density, although Australian pine had higher k 0 than live oak or Brazilian pepper at low density (a = 0.0167).
Discussion
Leaf litter species richness varied across the coastalinland, urban-rural gradient, with higher diversity of leaf species in more rural, inland sites. When we examined different categories of species, we found this pattern to be significant in invasive species richness, but not native or non-native, non-invasive species. Because inland areas are transitional between rural and suburban areas, they were possibly more disturbed than coastal sites, providing a better environment for invasive plants. One of the coastal sites was an outlier for plant species richness (with six species of leaf material present, four of which were native), and was on the edge of an intact mangrove swamp. Our sampling method targets a very specific type of plant: those with leaves or parts small enough to fit into a container with an opening of 9.2 cm. Therefore, we excluded all plants with large leaves. The methodology used is pertinent to our specific system as it reflects the habitats of our focal mosquito species but does not capture all plant species. In previous studies, A. albopictus abundance has been associated with rural settings, mirroring the patterns in leaf species richness observed in this study (Braks et al. 2003; Rey et al. 2006) . This suggests that A. albopictus abundance may be related to degree of urbanization or plant type, or an interaction between these two factors. As the leaf survey was conducted over a short time frame, it may not capture the full diversity of species in the region over a full year. A previous study examining litter fall in southern Florida in live oaks noted seasonal differences in abundance of both flower and leaf litter, with respective peaks in February/March and October (Lounibos et al. 1992 ). We did not quantify the amount of each species of litter, and it is possible that widespread species may be sparse within each site, making the contribution to each artificial container rare. We can conclude that the three leaf species considered in the laboratory part of this study were widespread and are often encountered as a component of the nutritional base of larval A. albopictus in southern Florida.
Native live oak was the most common native leaf material found. The two invasive species considered (Brazilian pepper and Australian pine) were the two most common invasive species in the leaf survey. The most common identifiable leaf material encountered was the non-native Ficus benjamina, a commonly planted ornamental in southern Florida. We chose not to examine this species because, while common, it is not considered an invasive species (Anonymous 2008 that plant fruit may be an important and rarely considered input into mosquito larval habitats. Previous studies have demonstrated native tree flowers can be important resources in mosquito dominated tree-holes (Lounibos et al. 1993 ), although there is no literature on the importance of fruits in larval mosquito habitats. As the large production of highly dispersive fruits is a characteristic of successful Leaf 9 density 1.39 (9,56.13) 0.2141
The interaction term (leaf 9 density) was not significant so standardized canonical coefficients are not shown invasive plants (Colautti et al. 2006; Sax et al. 2005) , this observation may point to an important component of an invasive plant-mosquito interaction complex. We found sites with Brazilian pepper had more mosquitoes, as sampled over a 2-year period, than sites without Brazilian pepper. The presence of the other two leaf species examined in this study did not have any significant association with mosquito abundance. These data are correlative and we cannot conclude that the reason for the higher abundance of mosquitoes in those sites is due to the presence of Brazilian pepper. Both Brazilian pepper and A. albopictus may be responding to similar conditions and are thus found in similar habitats. The ubiquity of Brazilian pepper in the southern Florida landscape may make it difficult to disentangle the urban-rural pattern of A. albopictus abundance from its association with Brazilian pepper. There may be areas in Central Florida that have little Brazilian pepper which may provide a way of disentangling this correlation. Other options might be the removal of Brazilian pepper from sites and then monitoring the response of A. albopictus populations, although this experimental approach would be labor intensive, and difficult to control for other environmental variables that would be influenced by the removal of a large amount of plant material. Nevertheless, the spatial association of Brazilian pepper and A. albopictus coupled with the superior performance of larvae on Brazilian pepper in laboratory settings is suggestive of a possible relationship.
Mosquito survival and growth were superior on Brazilian pepper relative to larval survival and growth on live oak or Australian pine at the same larval densities. Different leaf species were associated with larger adult weight, higher survival to adulthood, and longer development time. This can be attributed to high survival, increased growth, and slower development on the invasive Brazilian pepper relative to the other two leaf resources. A previous study that examined these same variables for A. albopictus, albeit with different leaf types and a single density of larvae, found a different pattern ). In that study, different leaf species were associated with time to emergence and adult size varying in the same direction, while survival varied in the opposite direction. The variation in the direction and magnitude of effects of mosquito outcomes as a function of leaf type provides further evidence that leaf species affects larval growth in an idiosyncratic manner, possibly depending on the specific microorganisms that make up the mosquito larval diet and decay leaf material (Kaufman et al. 2008; ). Regrettably, other studies examining A. albopictus response to leaf species have not examined relationships among outcome variables (by using MANOVA), so we cannot compare their results (e.g., Dieng et al. 2002; Sota 1993) .
Density also has a significant effect on mosquito growth and survival in all leaf types. The relationship among outcomes was different than that observed for leaf species effects. Higher densities were associated with poorer survival, longer development time, and lower adult weight. This same pattern is seen in numerous previous studies showing density dependence in a diverse array of container-dwelling mosquitoes (Juliano 2009 ).
Why the relationships among outcome variables are altered when comparing different leaf environments to different density environments remains unclear, but does generate several hypotheses. One possibility is that mosquito larvae adjust their development rate based upon habitat quality. Another is that there are stage-specific effects of leaf environment such that early instar larvae are vulnerable to toxicity, retarding their development or increasing early development mortality. Consequently, those that manage to survive the vulnerable period find themselves in an environment with less competition or with less toxic resources and achieve high levels of growth and survival. This hypothesis could be tested by examining stage specific survival/growth rates with the different leaf resources. It is also possible that the relationships among outcome variables may be idiosyncratic for each leaf species. This suggests a more complex process of toxicity, nutrient availability, and larval response.
We found support for our hypothesis that leaf species affects the intensity of density dependent interactions for larval A. albopictus. Although there was no significant leaf by density interaction for female mosquitoes, there was a significant interaction term in the analysis of k'. Population performance was higher in microcosms provisioned with leaves from the invasive Brazilian pepper, relative to native live oak and invasive Australian pine at high and medium larval densities, but was slightly lower than Australian pine at low densities. In general, this suggests that habitats containing the leaves of Brazilian pepper would support larger mosquito populations relative to the native live oak. Previous studies examining different resources have noted that resource type, broadly defined, may alleviate density dependence in A. albopictus when resource types are very different (e.g., animal versus plants; fresh-cut grass versus senesced oak leaves) (Murrell and Juliano 2008; Yee et al. 2007 ). This study shows that similar resources, senesced tree leaves, may be sufficiently different in quality to alter density dependence of population growth. As there is no positive feedback between mosquito larvae and invasive plants, they may not truly be participating in an ''invasional meltdown'' (Simberloff and von Holle 1999) , but the spread of Brazilian pepper may contribute to the invasion success of A. albopictus. Therefore, in addition to direct concerns for human health associated with these invasive plants (due to allergic reactions; see Morton 1978) , invasive plants, by changing the container ecosystems responsible for disease vector production, may also change the risk of human disease (Alto et al. 2008; Bevins 2008a, b) .
Several questions remain unanswered in this system. How do other species of mosquitoes respond to these leaves and does this affect interspecific competition? How do mosquitoes respond to combinations of these leaves? Do female mosquitoes make oviposition decisions based upon the quality of leaf species, and how might this affect invasion success? Finally, is there any direct connection between leaf environment and disease transmission similar to the situation described by Alto et al. (2008) ?
